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Compacted bentonite-based materials are often used as buffer materials in radioactive waste disposal. A good understanding of their
hydro-mechanical behaviour is essential to ensure disposal safety. In this study, a mixture of MX80 bentonite and sand was characterised in
the laboratory in terms of water retention property, swelling pressure, compressibility and hydraulic conductivity. The effects of the
technological voids or the voids inside the soil were investigated. The technological voids are referred to as the macro-pores related to different
interfaces involving the buffer material, whereas the voids inside the soil are referred to as common macro-pores within the compacted
bentonite/sand mixture. The results obtained show that at high suction, the amount of water absorbed in the soil depends solely on suction,
whereas at low suction it depends on both suction and the bentonite void ratio. There is a unique relationship between the swelling pressure
and the bentonite void ratio, regardless of the sample nature (homogeneous or not) and the sand fraction. However, at the same bentonite
void ratio, a higher hydraulic conductivity was obtained on the samples with technological voids. The effect of sand fraction was evidenced in
the mechanical yield behaviour: at the same bentonite void ratio, the bentonite–sand mixture yielded at a higher pre-consolidation stress.
& 2013 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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Most designs of deep geological repositories for high level
radioactive wastes (HLW) are based on the multi-barrier3 The Japanese Geotechnical Society. Production and hostin
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der responsibility of The Japanese Geotechnical Society.concept with the isolation of the waste from the environ-
ment. The multi-barrier concept includes the natural geolo-
gical barrier (host rock), engineered barriers made from
compacted sand–bentonite mixtures (placed around waste
containers or used as buffer and sealing elements) and the
metal canisters. Compacted bentonite-based materials are
relevant materials for this purpose thanks to their low
permeability, high swelling and high radionuclide retarda-
tion capacities (Pusch, 1979; Yong et al., 1986; Villar and
Lloret, 2008; Komine and Watanabe, 2010; Cui et al., 2011).
Engineered barriers are often made from compacted
bricks. When bricks are placed around waste canisters or
used to form sealing buffers, so-called technological voids
either between the bricks themselves or between the bricks,g by Elsevier B.V. All rights reserved.
Fig. 1. Grain size distribution of the MX80 bentonite and sand.
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example, 10 mm thick gaps between bentonite blocks and
canister and 25 thick mm gaps between the bentonite
blocks and the host rock have been considered in the basic
design of Finland (Juvankoski, 2010). These technological
voids appeared to be equal to 6.6% of the volume of the
gallery in the FEBEX mock-up test (Martin et al., 2006).
Fractures that appear in the excavation damaged zone
within the host rock in the near ﬁeld constitute additional
voids. In the French concept, the volume of the bentonite/
rock gaps is estimated at 9% of the volume of the gallery
by the French waste management agency (Andra, 2005).
This value reaches 14% in the SEALEX in situ test carried
out in the Tournemire Underground Research Laboratory
(URL) run by IRSN (Institut de radioprotection et de
suˆrete´ nucle´aire, the French expert national organisation in
nuclear safety) in South-West of France (Barnichon and
Deleruyelle, 2009).
Once placed in the galleries, engineered barriers are
progressively hydrated by pore water inﬁltrating from the
host rock. This water inﬁltration is strongly dependent on
the initial state of the compacted material (water content,
suction and density, e.g. Cui et al. (2008)). Indeed, it has
been shown that water transfer in unsaturated swelling
compacted bentonites or sand–bentonite mixtures is strongly
dependent on the imposed boundary conditions in terms of
volume change. As shown in Yahia-Aissa et al. (2001), Cui
et al. (2008) and Ye et al. (2009), the degree of swelling
allowed signiﬁcantly affects the amount of inﬁltrated water,
with much water absorbed when swelling is allowed and a
minimum amount of water absorbed when swelling is
prevented. Volume change conditions also appeared to have,
through microstructure changes, signiﬁcant inﬂuence on the
hydraulic conductivity.
In this regard, the degree of swelling allowed by the
technological voids described above has a signiﬁcant
inﬂuence on the hydro-mechanical behaviour of the com-
pacted bentonite and their effects need to be better under-
stood. Swelling results in a decrease in dry density that
may lead to a degradation of the hydro-mechanical
performance of engineered barriers (Komine et al., 2009;
Komine, 2010). As a result, the safety function expected in
the design may no longer be properly ensured. Therefore, a
better understanding of the effects of the technological
voids is essential in assessing the overall performance of
the repository.
In this study, a series of tests was performed on a
compacted bentonite–sand mixture samples, aiming at
investigating the effects of technological voids on their
hydro-mechanical behaviour. The temperature effects were
not considered and tests were carried out at constant
ambient temperature (2071 1C). Given that the paper
deals with the hydration of engineered barriers in the
repository, neither the drying process nor the hysteresis
effects were considered.
Firstly, the water retention curve was determined under
both free swell and restrained swell conditions; secondly,the effects of a pre-existing technological void on both the
swelling pressure and hydraulic conductivity were investi-
gated; ﬁnally, the compressibility at different void ratios
was studied by means of suction controlled oedometer
tests. An overall analysis of the effects of voids on the
hydro-mechanical response of the engineered barrier was
ﬁnally performed.2. Materials and methods
2.1. Materials and sample preparation
A commercial MX80 Na–bentonite from Wyoming,
USA was used. The bentonite powder was provided with
an initial water content of 12.2% and was stocked in a
hermetic container to maintain the water content constant,
in a room at 2071 1C. All tests were performed at this
temperature.
This MX80 Na–bentonite is characterised by a high
montmorillonite content (80%), a liquid limit of 575%, a
plastic limit of 53% and a unit mass of the solid particles
of 2.77 Mg/m3. The cation exchange capacity (CEC) is
76 meq/100 g (83% of Na). The grain size distribution
(Fig. 1) determined using a hydrometer (French standard
AFNOR 1992, NF P94-057) on deﬂocculated clay shows
that the clay fraction (o2 mm) is 84%. The X-Ray
diffractometer diagram of the clay fraction presented in
Fig. 2 shows a peak at 12.5 A˚, typical of montmorillonite
(this peak shifted from 12.5 to 16.9 A˚ when treated with
glycol and to 9.5 A˚ when dried). These data are compar-
able with that provided by Montes-H et al. (2003).
The sand used in the mixture was a quartz sand from the
region of Eure and Loire, France, that passed through a
2 mm sieve. Fig. 1 shows the sand grain size distribution
curve determined by dry sieving (AFNOR 1996, NF P94-056).
The curve is characterised by a uniformity coefﬁcient Cu of
Q. Wang et al. / Soils and Foundations 53 (2013) 232–2452341.60 and a D50 close to 0.6 mm. The unit mass of the sand
grains is 2.65 Mg/m3.
Water having the same chemical composition as the pore
water of the Callovo-oxfordian claystone from the Andra
URL in Bure (France), called synthetic water, was used in
the experiments. The corresponding chemical components
(see Table 1) were mixed with distilled water in a magnetic
stirrer until full dissolution.
The grain size distribution of the bentonite powder
obtained by ‘‘dry’’ sieving is also presented in Fig. 1,
showing a well graded distribution around a mean dia-
meter slightly larger than 1 mm. This curve is close to that
of sand. The powder was carefully mixed with dry sand
(70% bentonite–30% sand in mass) giving a water content
of 8.5% for the mixture. Prior to compaction, the mixture
powder was put into a hermetic container connected to a
vapour circulation system (see Fig. 3) containing free water
(100% relative humidity), so as to reach a target water
content of 11%. The samples were weighed every two
hours until the target water content was attained (after
around two days).
A given quantity of mixture was then placed into a rigid
ring (35 or 38 mm diameter) and statically compacted
using an axial press at a constant displacement rate of
0.05 mm/min to different target dry densities (values given
in the following section). Once the target dry density was
reached, the displacement shaft was ﬁxed for more than
15 h to attain axial stress stabilisation (deﬁned by changes
in axial stress as low as 0.05 MPa/h). This procedure
minimised the sample rebound during unloading.Fig. 2. X-ray curves of the MX80 bentonite.
Table 1
Chemical composition of the synthetic water.
Components NaHCO3 Na2SO4 NaCl
Mass (g) per Litter of solution 0.28 2.216 0.615The results from Mercury intrusion porosimetry (MIP)
tests on the bentonite/sand mixtures compacted to dry
densities rd¼1.67 and 1.97 Mg/m3 and freeze dried are
shown in Fig. 4. A typical bimodal porosity (e.g. Ahmed
et al. (1974), Delage et al. (1996), Romero et al. (1999)) was
observed in both samples, deﬁning intra-aggregate pores
(micro-pores) with a mean size of 0.02 mm and inter-
aggregate pores (macro-pores) that depend on the dry
density and range from 10 mm (for rd=1.67 Mg/m
3) to
50 mm (rd=1.97 Mg/m
3). As shown by Delage and
Graham (1995) from the data of Sridharan et al. (1971),
this conﬁrms that compaction only affects the largest inter-
aggregate pores while intra-aggregate pores remain unaf-
fected (see also Lloret and Villar (2007)). In compacted
bentonites, it has been shown that a further smaller sized
pore population (ranging between 0.2 and 2 nm) corre-
sponding to the intra-particle (interlayer) pores within the
aggregates and not detectable by the MIP had to be also
considered (Delage et al., 2006; Lloret and Villar, 2007).
2.2. Experimental methods
2.2.1. Water retention test
The water retention curve (WRC) of the bentonite/sand
mixture was determined under both free swell and res-
trained swell conditions by using both the vapour equili-
brium technique (s44.2 MPa) and osmotic technique
(so4.2 MPa) for suction control. Three identical samples
were used in parallel and the ﬁnal water content calculated
corresponds to the mean value. To apply suction by the
vapour equilibrium technique under free swell conditions
the as-compacted sample (35 mm diameter and 5 mm
height) was placed into a desiccator containing a saturated
salt solution at bottom. The sample mass was regularly
measured to monitor the water content variation over
time. In a standard fashion, equilibrium was considered
reached when the mass stabilized. To apply the osmotic
technique (Delage et al., 1998; Delage and Cui, 2008a,
2008b), the sample was wrapped by a cylinder-shaped
semi-permeable membrane and placed in a PEG 20,000
solution at a concentration corresponding to the required
suction. The water content at equilibrium under each
suction was determined by weighing.
Following Yahia-Aissa et al. (2001), the determination
of the water retention curve under prevented swell conditions
(constant volume conditions) was carried out on samples of
50 mm in diameter and 5 mm in height, placed into a
specially designed rigid stainless steel cell allowing vapour
exchanges through two metal porous disks put on both
sides. To apply the osmotic technique, the semi-permeableKCl CaCl2  2H2O MgCl2  6H2O SrCl2  6H2O
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Fig. 4. Pore size distribution of bentonite/sand mixture compacted to
different dry density with a water content of about 11.0%.
Fig. 3. Hermetic plastic container with a vapour circulation system for
adjusting water content.
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sample (Fig. 5a); all was then sandwiched between two
perforated discs and immerged into a PEG solution at the
required concentration. Water inﬁltrated into the soil
through the porous stone and the semi-permeable membrane
until the target suction was reached. To apply suction with
the vapour equilibrium technique, the sample sandwiched
between two porous stones was installed between two
external plates with valves (Fig. 5b) that were connected to
a suction control system using the vapour equilibrium
technique. The water content at equilibrium under each
suction was determined by weighing.
All the tests performed and the solutions used for
suction control (Delage et al., 1998; Ye et al., 2009) are
presented in Table 2. Samples were statically compacted at
a dry density of 1.67 Mg/m3, corresponding to the ﬁnal dry
density adopted in the in situ experiment at the Tourne-
mire URL.
2.2.2. Hydration test with technological void (SP 01–04)
The effect of technological void on the swelling beha-
viour of the compacted sand–bentonite mixture wasinvestigated using the device shown in Fig. 6. In this
system, a sample is placed inside an oedometer cell placed
into a rigid frame comprising a load transducer that allows
the measurement of vertical stress during hydration. The
small vertical strain due to the deformability of the set-up
is measured by a digital micrometer.
A technological void of 14% of the total cell volume
that corresponds to the situation of the SEALEX in situ
test at the Tournemire URL was set by choosing an initial
diameter of the compacted sample smaller than that of the
hydration cell. With a ring diameter of 38 mm, the annular
technological void selected (14% of the total cell volume
representing 17% of the initial sample volume) corre-
sponded to a sample diameter of 35.13 mm.
The sample was hydrated by injecting synthetic water
under constant pressure (0.1 MPa) through a porous disk in
contact with the bottom face while the top face was put in
contact with another porous stone so as to allowed free
expulsion of either air or water (see Fig. 6). The small water
pressure (0.1 MPa) was adopted to avoid any effect on axial
pressure measurement. Changes in axial stress, displacement
and injected water volume over time were monitored. Once
the axial stress stabilized (after more than 35 h, see Fig. 9),
water injection under 0.1 MPa was continued for 24 h more
in order to determine the hydraulic conductivity under per-
manent ﬂow condition. Indeed, a linear relationship between
ﬂux and time was observed, conﬁrming the observation of
Dixon et al. (1992) about the validity of Darcy’s law for
saturated compacted bentonites.
Four tests with the same technological void of 14%
(SP01–SP04) were conducted on samples with the same
initial water content of 11% and various initial dry
densities obtained by changing the compaction pressure
(between 65 and 85 MPa, giving rise to dry densities
comprised between 1.93 and 1.98 Mg/m3, see Table 3).
An initial axial stress of 0.5 MPa was applied on the
specimen before hydration to ensure good contact and
satisfactory load measurement (see Fig. 6). When water
injection started, the piston was ﬁxed and the build-up of
axial stress was monitored by the load transducer.
2.2.3. Suction controlled oedometer test (SO-01 SO-04)
Controlled suction oedometer compression tests were
carried out on samples of 10 mm in height and 38 mm in
diameter by circulating vapour at controlled relative
humidity at the base of the sample as shown in Fig. 7
(tests SO-02/04). A high pressure oedometer frame was
used so as to apply vertical stresses as high as 50 MPa
(Marcial et al., 2002). Zero suction was applied by
circulating pure water. Vertical strain was monitored using
a digital micrometer (accuracy 70.001 mm).
Prior to compression, samples were hydrated under a
low vertical stress of 0.1 MPa by applying a suction lower
than the initial as-compacted value (estimated at 65 MPa
from the water retention curve in Fig. 8 at w¼11%).
As seen in Table 4, the testing programme includes three
standard tests (SO-02 to 04) carried out on 38 mm
Fig. 5. Constant volume cell for WRC determination. (a) Osmotic method; (b) Vapour equilibrium technique.
Table 2
Test conditions for water retention property.
Suction control method Suction
(MPa)
Constant
volume
Free
swell
Saturated salt solution LiCl 309 _ O
K2CO3 113 _ O
Mg(NO3)2 82 _ O
NaCl 38 O O
(NH4)2SO4 24.9 O O
ZnSO4 12.6 O O
KNO3 9.0 O O
K2SO4 4.2 O O
Concentration of PEG
solution (g PEG/g Water)
0.302 1 O O
0.095 0.1 O O
0.030 0.01 O O
Q. Wang et al. / Soils and Foundations 53 (2013) 232–245236diameter samples with an initial dry density of 1.67 Mg/m3
under controlled suctions of 4.2, 12.6 and 38 MPa, respec-
tively. Prior to compression, time was allowed until the
swelling stabilized of under the imposed suctions and a
vertical stress of 0.1 MPa.The conﬁguration of test SO-01 (rdi¼1.97 Mg/m3, inter-
nal diameter of 35.13 mm), is similar to that described in
Fig. 6, with an annular void between the sample and ring
corresponding to a 14% technological void. In this test, the
sample was ﬂooded with synthetic water, imposing zero
suction through the liquid phase. The higher 1.97 Mg/m3
density was chosen so as to correspond to the previous
value of 1.67 Mg/m3 once the technological void clogged
by the lateral sample swelling. Obviously, even though that
the global density of sample SO-01 was equal to that of
samples SO-02/04 after swelling, the density of sample
SO-01 should not be homogeneous and should follow a
rather axisymmetrical distribution, with lower values in the
zone of former technological void clogged by soil swelling.3. Experimental results
3.1. Water retention curves
Fig. 8 presents the wetting path of the water retention
curves (WRCs) obtained under both free swell and
restrained swell conditions. For suctions higher than
Fig. 6. Schematic layout of hydration test with technological void.
Table 3
Specimens used for swelling pressure test.
Tests Compaction
stress (MPa)
Compacted dry
density (Mg/m3)
SP01 65 1.93
SP02 70 1.96
SP03 80 1.96
SP04 85 1.98
Q. Wang et al. / Soils and Foundations 53 (2013) 232–245 2379 MPa, the two curves are very similar while a signiﬁcant
difference can be identiﬁed in the range of suction below
9 MPa. When suction reached 0.01 MPa, the water content
under free swell condition is 246.0%, a much higher value
than that under restrained swell condition (25.4%). This
conﬁrms that the prevented swelling condition signiﬁcantly
affects the retention property only in the range of low
suctions (Yahia-Aissa et al., 2001, Cui et al., 2008, Ye
et al., 2009).
The WRCs of samples of pure MX80 bentonite com-
pacted to 1.7 Mg/m3 dry unit mass under both free swell
and constant volume conditions determined by Marcial
(2003) are also presented in Fig. 8. In the higher suction
range (s49 MPa), all data fall on the same curve, regard-
less of the imposed condition (swelling allowed or constant
volume) and type and density of material (bentonite–sand
mixture at 1.67 Mg/m3 or pure bentonite at 1.7 Mg/m3).
By contrast, at lower suctions (so9 MPa), the water
content of the mixture under free swell condition is lower
than that of the pure bentonite at the same suction value.3.2. Effects of the technological void (tests SP01–SP04)
Fig. 9 presents the results of the four tests (SP01–SP04)
carried out to investigate the effect of technological void
on the swelling pressure during water injection under a
constant pressure of 0.1 MPa. As seen in Photo 1, some
water was observed escaping from the top of the cell at the
beginning of water injection during the initial increase of
vertical stress (Fig. 9). This phase of 25–30 min in duration
corresponded to the circulation of water in the annular gapbetween the sample and the ring. After this period, the gap
was obviously ﬁlled by hydrated bentonite with no more
outﬂow observed. After about 35 h, the vertical stress
reached stabilisation with ﬁnal values of 2.07, 2.77, 2.44,
and 3.06 MPa for tests SP01 (rdi¼1.93 Mg/m3), SP02
(rdi¼1.96 Mg/m3), SP03 (rdi¼1.96 Mg/m3) and SP04
(rdi¼1.98 Mg/m3), respectively. Note that even though the
piston was ﬁxed (Fig. 6), small volume changes (vertical
displacements between 10 and 90 mm) were recorded by the
displacement transducer because of the deformability of the
system.
3.3. Controlled suction compression tests (SO-01, SO-02,
SO-03 and SO-04)
The changes in vertical strain with time during suction
imposition for tests SO-01, SO-02, SO-03 and SO-04 are
presented in Fig. 10. In a standard fashion, higher vertical
strain rates were observed at smaller suctions with ﬁnal
strains of 1.2% (e¼0.69), 5.4% (e¼0.73), 6.8% (e¼0.75)
and 18.0% (e¼0.97) obtained for suctions of 38, 12.6, 4.2
and 0 MPa, respectively.
The signiﬁcantly faster hydration observed in test SO-01
(in which liquid water was used imposing a zero suction)
was mainly due to the technological void that allowed
water circulation around the sample. This ﬁrst phase was
comparable with that of tests SP-02/04 presented in Fig. 9.
Fig. 11 depicts the ﬁnal void ratios obtained versus the
imposed suctions in a semi-logarithmic plot. The points are
reasonably located along a line and the following relation-
ship can be derived:
e¼0:048lnðsÞþ0:848 ð1Þ
where e is the void ratio at equilibrium and s is the suction
in MPa.
Once equilibrated at the desired suction, samples were
submitted to controlled suction compression. The com-
pression curves are presented in Fig. 12 in a diagram giving
the changes in void ratio e with respect to vertical net stress
(sv–ua) in which ua is the air pressure, equal to the
atmospheric pressure. Given the signiﬁcant concern about
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Fig. 9. Evolution of the axial stress for all hydration tests with technolo-
gical void.
Fig. 7. Experimental setup of suction controlled oedometer test.
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Fig. 8. WRCs of bentonite–sand mixture and pure bentonite.
Table 4
Specimens used for suction controlled oedometer test.
Tests rdi (Mg/m
3) D (mm) s (MPa)
SO-01 1.97 35.13 0
SO-02 1.67 38.00 4.2
SO-03 1.67 38.00 12.6
SO-04 1.67 38.00 38
Q. Wang et al. / Soils and Foundations 53 (2013) 232–245238the validity of effective stress in unsaturated soils, it was
preferred to use the independent variables approach involving
the vertical net stress (sv–ua) and suction (s¼uw–ua),
(Coleman, 1962; Fredlund and Morgenstern, 1977; Gens,
1996).
Initial void ratios were very different because of the
signiﬁcant dependence of initial swelling with respect to the
suction imposed. Also, sample SO-01 was not homoge-
neous, as commented above.
Each sample exhibited a slightly S-shaped compression
curve. In a standard fashion, the compression curves are
characterised by an initial linear branch with low compres-
sibility (pseudo-elastic domain) followed by a second
branch with higher compressibility (plastic domain) and
a slight upward curvature at higher stresses.
As suggested by other authors (Keller et al., 2004; Tang
et al., 2009), the points at high stresses were not used fordetermining the compression coefﬁcient (Cc) and the yield
stress (sy) delimitating the pseudo-elastic zone and the
plastic one. Fig. 13 shows the changes in yield stress with
respect to suction. Also plotted in this Figure are the data
obtained by Marcial (2003) on pure bentonite samples.
Fig. 13 conﬁrms that a decrease in suction signiﬁcantly
reduces the yield stress for both the mixture and pure
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the yield stress and suction, and moreover, the curves are
almost parallel. At the same suction, smaller yield stresses
are observed for the mixture.
As has also been observed by Marcial (2003), the change
in the compression coefﬁcient with respect to suction
appeared to be non-monotonic (Fig. 14), and it decreased
when suction was reduced from 38 and 12.6 MPa, and then
increased when suction was below 12.6 MPa. A compar-
ison between pure bentonite and the sand–bentonite
mixture shows that at any suction, the latter appears
to be more compressible with a larger compression
coefﬁcient.
3.4. Hydraulic conductivity measurements
The hydraulic conductivity of hydrated samples with an
initial technological void (tests SP2–SP4) was measuredunder constant head when applying 0.1 MPa of water
pressure by recording the volume of injected water by
means of a Pressure/Volume controller (no data were
available for test SP01 due to a technical problem with
the Pressure/Volume controller). The hydraulic conductiv-
ity was determined over the last 24 h, once swelling had
stabilised. The hydraulic conductivity was also determined
indirectly based on the consolidation curves during differ-
ent compression stages of test SO-01 (see Fig. 12) using
Casagrande’s method. As mentioned before, the sample
density was not homogeneous in those samples. Therefore,
a nonuniform hydraulic conductivity can be expected for
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global hydraulic conductivity.
The changes in hydraulic conductivity with respect to
dry density obtained from both methods are presented in
Fig. 15 and compared with constant head permeability
measurements obtained by Gatabin et al. (2008) on homo-
geneous samples at similar densities. The data obtained for
the heterogeneous samples with both methods are in good
agreement. In a standard fashion, the hydraulic conductivity
decreases with increasing density following a slope compar-
able to that obtained by Gatabin et al. (2008). An in-depth
examination shows that the samples tested here exhibithigher hydraulic conductivity than that given by Gatabin
et al. (2008), with a difference of one order of magnitude.
This difference is suspected to be due to the preferential
water ﬂow in the looser zone (initial technological voids)
around the samples.
4. Interpretation and discussion
In order to further analyse the effects of the technolo-
gical void, various constitutive parameters of the com-
pacted mixture are now deﬁned (see Fig. 16), such as the
bentonite void ratio (eb). It is supposed that the volume of
bentonite (Vb) in the mixture is equal to the difference
between the total volume (V) and the volume of sand (Vs).
Vb is equal to the sum of the bentonite particle volume
(Vbs) and the volume of void, namely the intra-void
volume (Vi). The parameter eb consists of two parts
(Eq. (2)), the intra-bentonite void ratio inside the soil (ebi)
and the void ratio corresponding to the technological void
(etech). Eq. (3) and (4) deﬁne these two voids, respectively.
eb ¼ ebiþetech ð2Þ
ebi ¼
Vi
Vbs
ð3Þ
etech ¼
Vtech
Vbs
ð4Þ
Fig. 16. Composition of the bentonite/sand mixture.
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Q. Wang et al. / Soils and Foundations 53 (2013) 232–245 241where Vtech is the volume of technological void. The value of
ebi can be deduced from the initial dry unit mass of the
mixture (rdm) using Eq. (5) and (6).
ebi ¼
Gsbrw
rdb
1 ð5Þ
rdb ¼
ðB=100ÞrmGssrw
Gssrwð1þwm=100Þrmð1B=100Þ
ð6Þ
where rw is the water unit mass, Gsb is the speciﬁc gravity of
bentonite, rdb is the initial dry unit mass of bentonite in the
mixture, which was calculated using Eq. (6) (Dixon et al.,
1985; Lee et al., 1999; Agus and Schanz, 2008; Wang et al.,
2012), rm is the unit mass of the mixture, B (%) is the
bentonite content (in dry mass) in the mixture, Gss is the
speciﬁc gravity of sand, wm is the water content of the
mixture. In this study the decrease of water unit mass (rw)
during hydration (e.g. Skipper et al. (1991), Villar and
Lloret (2004)) was not considered and the value was
assumed to be constant (1.0 Mg/m3), B=70%, Gss=2.65.
To analyse the water retention property under free swell
condition, a parameter namely water volume ratio (ew)
deﬁned as the ratio of water volume (Vw) to the bentonite
volume (Vbs) is also adopted (Romero et al., 2011). This
parameter can be deduced from the water content of the
mixture (wm) using the following equation:
ew ¼
wmGsb
B
: ð7Þ
In the following, the two parameters eb and ew are used
to analyse all experimental results obtained in order to
evidence the effects of voids on the water retention
capacity, the swelling pressure, the compressibility and
the hydraulic conductivity.
4.1. Water retention curves
Fig. 17a shows the changes in water volume ratio ew
of both the mixture and the pure bentonite with respect
to suction under free swell condition. Unlike in the watercontent/suction plot (Fig. 8), Fig. 17a shows excellent agree-
ment with Marcial (2003)’s data on pure bentonite, with a
unique relationship between ew and suction along the wetting
path with swelling. It conﬁrms that water was only adsorbed
in the bentonite (volume Vbs) and that the lower water content
observed in the mixture at same suction (Fig. 8) is related to
the lower volume of bentonite in the mixture.
The results from the hydration tests on pure compacted
bentonites under restrained swell condition with different
void ratios (Marcial, 2003; Tang and Cui, 2010; Villar,
2005) are also presented in Fig. 17. A phenomenon similar
to that observed in the water content/suction plane (Fig. 8)
can be identiﬁed: in the range of low suctions (o9 MPa
for the MX80 bentonite), the water retention property of
bentonite depends strongly on the conﬁning conditions;
conversely, all curves become almost the same in the range
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Agus et al. (2010)) As suggested by Cui et al. (2002, 2008)
and Ye et al. (2009), this conﬁrms that the exfoliation of
clay particles from the aggregates into inter-aggregate
pores caused by hydration is moderate and can be
accommodated at high suctions. By contrast, at lower
suctions, the available pores become completely full by
hydrated clay particles and no more water can be
adsorbed. This is not the case when swelling is allowed
with much more water adsorbed. Fig. 17b is a zoom of
Fig. 17a at small water volume ratios (between 0 and 1.5).
The difference observed in the curves at constant volume is
due to differences in bentonite dry density rdb. When the
full saturation is approached, samples with a higher
bentonite void ratio (lower dry density) logically absorb
more water for a given suction.4.2. Hydration test with technological void
The values of vertical stress measured on heterogeneous
samples at the end of the hydration tests on samples with
technological voids (SP 01–04) are presented in Fig. 18
with respect to the bentonite void ratio. Note that the
bentonite void ratios for tests SP 01–04 were determined
by taken into account the system deformation mentioned
above (i.e. vertical displacements between 10 and 90 mm).
The data of swelling stresses measured in homogeneous
samples under the same conditions of constant volume by
other authors are also plotted for comparison (MX80 70/
30 bentonite/sand mixture from Karnland et al., 2008 and
pure MX80 bentonite from Bo¨rgesson et al., 1996; Dixon
et al., 1996; Karnland et al., 2008; Komine et al., 2009).
All of the data remarkably agree, providing a unique
relationship between the vertical pressure and the bentonite0.01
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Fig. 18. Relationship between vertical stress or axial stress and bentonite
void ratio.void ratio, regardless of the sample nature (homogeneous or
not). The correspondence with data from Karnland (pure
bentonite and 70/30 bentonite–sand mixture) at a bentonite
void ratio close to 1 is particularly good. The following
expression can be deduced for the relationship between the
axial stress (ss in MPa) and the bentonite void ratio eb for
the material studied here
ss ¼ 2:250eb1:149 ð8Þ
This good correspondence between the response in swel-
ling stress of homogeneous samples and that in axial stress
of a hydrated heterogeneous sample indeed conﬁrms that
the stress at equilibrium is not affected by the heterogeneity
of the samples. The pressure (ss in MPa) only depends on
the global bentonite void ratio (eb), regardless of the
technological void and of the presence of sand.
In other words, during the hydration under constant
global volume and in spite of their signiﬁcant difference in
form and dimension, the technological voids play the same
role as the macro-pores of the homogeneous compacted
bentonite in terms of ﬁlling voids by particle exfoliation, as
commented above. The global ﬁnal bentonite void ratio (or
density) appears to be a relevant parameter allowing
predicting the ﬁnal axial stress obtained.
4.3. Compressibility
The interpretation of the compressibility data was based
on the well known features of the aggregate microstructure
of compacted soils that have been recalled above, showing
in particular that compression at a constant water content
in unsaturated compacted soils initially occurs due to the
collapse of large inter-aggregate pores full of air with little
effect on the aggregates themselves. As a consequence, it
was observed that the changes in suction during compres-
sion at constant water content are negligible, since suction
changes are governed by intra-aggregate clay water inter-
actions that are little affected during compression (Li, 1995;
Gens et al., 1995; Tarantino and De Col, 2008).
The compression curves of the homogeneous samples in
Fig. 12 (SP2 to 4) are further interpreted by an approximated
estimation of the changes in degree of saturation during
compression. This estimation is based on the assumption that
the order of magnitude of the initial water contents of the
samples hydrated from the initial as-compacted suction
(65 MPa) at given suctions (38, 12.6 and 4.2 MPa) prior to
compression can be obtained from the wetting path of the
water retention curve in Fig. 17. Based on this assumption,
the water contents after hydration were determined, at
12.8%, 16.8% and 18.6% for suctions of 38, 12.6 and
4.2 MPa, respectively. The corresponding degrees of satura-
tion are 52%, 63% and 68%, respectively.
The application of suctions as high as 4.2, 12.6 and
38 MPa generated a moderate swelling of the samples, with
void ratio increasing from the initial value of 0.64–0.75 at
4.2 MPa suction. In terms of microstructure, the changes
corresponds to a moderate swelling of the aggregates
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Fig. 20. Relationship between yield stress and bentonite void ratio.
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a maximum degrees of saturation of 68% at 4.2 MPa
suction, indicating that the inter-aggregates pores remai-
ned full of air. During compression, the water content that
was controlled within the aggregates did not suffer from
any signiﬁcant changes and the changes in degree of
saturation could be estimated, as shown in Fig. 19. The
data show how the degree of saturation increase with
increased stress and provide an estimation of the stress
values at which saturation was reached (9, 14 and 27 MPa
at s¼4.2, 12.6 and 38 MPa respectively). Once reported on
the compression curves of Fig. 12, we can observe that
these stress values are located close to the inﬂection points
observed on the curves, indicating that these points
correspond to the saturation of the samples. In other
words, the change in slope of the curves corresponds to
the transition between two physical mechanisms, namely
from the collapse of dry inter-aggregate pores to the
expulsion of inter-aggregate adsorbed water. This is in
agreement with the observation by Kochmanova´ and
Tanaka (2011).
When the yield stress (sv0) in Fig. 13 is plotted versus the
corresponding bentonite void ratio (eb) at the yield point
(Fig. 20), it appears that for both the mixture and pure
bentonite, the yield stress increases sharply with decreasing
bentonite void ratio. However, the curve of the mixture lies
in the right of the pure bentonite’s one, evidencing the role
of sand in the compression behaviour. It can be concluded
from Fig. 20 that at the same bentonite void ratio, the
mixture yields at a higher pre-consolidation stress.4.4. Hydraulic conductivity
The values of global hydraulic conductivities presented
in Fig. 15 showed possible preferential ﬂow pathway in the40
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Fig. 19. Changes in degree of saturation during compression.case of heterogeneous samples with initial technological
voids. This observation can be made also in Fig. 21 in
which the data of Fig. 15 are re-plotted versus the
bentonite void ratio and compared to other data of the
pure MX80 bentonite (Karnland et al., 2008; Dixon et al.,
1996) and of the 70/30 bentonite–sand mixture (Gatabin
et al., 2008). The good agreement observed also conﬁrms a
negligible effect of sand on the hydraulic conductivity.
Note that the looser zone corresponding to the initial
technological void is a weak zone with poorer mechanical
resistance, at least in the short term. The question of
possible further changes that could occur over the long
term is open, given that some observations have already
indicated that ageing effects are signiﬁcant in compacted
bentonite, both at microscopic scale (Delage et al., 2006)
and macroscopic scale (Stroes-Gascoyne, 2010), with a
tendency towards density homogenisation. Further studies
are needed to investigate the long term change in hydraulic
conductivity of samples with initial technological voids.5. Conclusion
The effects of voids on the hydro-mechanical properties of
a compacted bentonite–sand mixture were studied. Water
retention test, hydration test, suction controlled oedometer
test and hydraulic test were performed on samples with
different voids including the technological void and the voids
inside the soil. Compressibility and hydraulic conductivity
were analysed through a consideration of the role the
following parameters play: the bentonite void ratio and water
volume ratio, the effects of voids on the water retention
property, and the swelling pressure.
Under different conditions (free swell and restrained
swell), different water retention properties were observed
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relation between the water volume ratio and the suction
is unique, independent of the test conditions, indicating
that the relatively limited exfoliated clay particles are
mainly accommodated by the macro-pore of the soil. On
the contrary, in the low suction range, the macro-pores
available for accommodating exfoliated particles becomes
limited in the case of restrained swell condition, explaining
why less water is adsorbed in this case.
There is a unique relationship between the axial stress
(for samples with technological voids) or swelling pressure
(constant volume condition) and the bentonite void ratio,
regardless of the sample nature (homogeneous or not) and
the presence of sand, suggesting that the technological
voids play the same role as the macro-pores of the
homogeneous compacted bentonite. It also reveals that
the swelling mechanisms of bentonite–sand mixture are the
same as that of pure bentonite.
The change in the slope of the compression curves
corresponds to the transition between two physical mech-
anisms, namely from the collapse of dry inter-aggregate
pores to the expulsion of inter-aggregate adsorbed water.
At the same bentonite void ratio, bentonite/sand mix-
ture yields at a higher pre-consolidation stress, providing
clear evidence of the effect of sand on the compression
behaviour.
A similar relationship between hydraulic conductivity
and the bentonite void ratio was observed for the
bentonite–sand mixture and the pure bentonite without
technological voids; however, with the technological void
in this study, the measured hydraulic conductivity for the
same bentonite void ratio was generally higher, indicating
the possible preferential ﬂow pathway formed by the
swollen soil that occupied the initial technological void.
From a practical point of view, the relationship elabo-
rated between the hydro-mechanical behaviour withbentonite void ratio is helpful in designing the buffers/
sealing elements with bentonite-based materials: if the
bentonite proportion and the technological void are
known, the speciﬁcation of the buffer elements could be
determined using the correlations elaborated in this study,
according to the requirements in terms of swelling pressure
and hydraulic conductivity. Then the water retention
property and compressibility of the selected material can
be evaluated. It should be however noted that the conclu-
sions drawn here were based on the results of the
bentonite/sand mixture with 70% of MX80 bentonite.
Further experimental studies on other proportions and
other bentonites are needed for the conclusions to be
generalised.
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